We asked whether APOBEC3G could influence the variety of model retroviral substrates is 5-GG → -AG restrictive phenotype caused by APOBEC3F because [2-4, 6-8]. However, a distinct 5-GA → -AA bias, which high levels of similarity suggested that these two prois difficult to attribute to APOBEC3G alone [9], prevails teins might associate with each other (self-interaction in HIV-1 sequences derived from infected individuals has been shown for some APOBEC family members, (e.g., [10] ). Here, we show that APOBEC3F is also a including APOBEC3G [8, 11, 12] ). To begin to address potent retroviral restrictor but that its activity, unlike this, we produced viruses with cells expressing both that of APOBEC3G, is partially resistant to HIV-1 Vif APOBEC3F and APOBEC3G. Interestingly, intermediate and results in a clear 5-GA → -AA retroviral hypermudeclines in retroviral infectivity were observed in comtation preference. This bias is also apparent in a bacteparison to those caused by APOBEC3F or APOBEC3G rial mutation assay, suggesting that it is an intrinsic alone ( Figures 1A and 1B) . These data implied that the APOBEC3F property. Moreover, APOBEC3F and APOreductions in infectivity were additive.
appears to be the case for its DNA deaminase homologs APOBEC3G and AID [2, 6, 9, 14-17]. To begin to address whether the propensity for retroviral minus-strand 5Ј-tions at 29/37 sites observed previously with an MLV-TC is intrinsic to APOBEC3F, we asked whether its exbased retrovirus ( Figure 2A, underlined guanines; [2] ).
pression in E. coli would yield a mutator phenotype. However, despite the high number of APOBEC3G-mutaWe used an E. coli mutation assay that employs the ble sites in the GFP substrate, APOBEC3F triggered G → drug rifampicin to select for base substitution mutations A transitions at 35 unique positions. APOBEC3F also in the rpoB (RNA polymerase B) gene (e.g., [14, 17] ). caused G → A hypermutation of MLV-GFP (data not rpoB is essential and therefore only tolerates a limited shown). These results are best explained by APOBEC3F number of mutations. APOBEC3F expression in E. coli caused a 4-fold increase in the frequency of mutation to functioning to deaminate minus-strand cytosine resi- All of the aforementioned data pointed toward APO-BEC3F having an important role in restricting HIV-1 infection in vivo. A prediction of this hypothesis is that some HIV-1 sequences should bear the 5Ј-GA hypermutation signature of APOBEC3F. To address this, we examined HIV-1 sequence data derived from infected individuals (Table S1; Figure  5B ). This result is particularly striking for the GFP sub- Figures 1, 2, and  S2 ). This apparent paradox has led us to propose that per site), and thymine was the next most preferred base at this position, with 7/8 TCT trinucleotides mutated (3.0 retroviral restriction is at least a two-step process, in which APOBEC proteins are independently able to incor-C → T transitions per site). The latter also agreed with the ϩ1 preference observed in patient-derived HIV-1 porate into the virion but are then both cooperatively and independently able to deaminate C → U in nascent sequences [10, 30] . These similarities indicated that APOBEC3F preferred an A or a T at the ϩ1 position retroviral cDNA. Lethal retroviral restriction finalizes this seemingly paradoxical additive decrease in infectivity. (boxed in Figure 5B ). For APOBEC3G, apart from the prominent 5Ј-CC dinucleotide, a pyrimidine (Y) was Hetero-multimerization at the level of DNA deamination may then account for the unexpectedly high hypermutaclearly preferred at the -2 position in hypermutated HIV-GFP, in MLV-GFP, and in HIV-1 derived from patient tion frequencies. Indeed, Wiegand and colleagues recently showed that APOBEC3F and APOBEC3G could PBMCs (boxed in Figure 5B; [2] ). For all of the datasets, we additionally noted that a guanine at the ϩ1 position interact [27] . However, our data suggest that the APO-BEC-APOBEC interaction may not be functionally signifwas strongly disfavored. Thus, the consensus sequences for cytosine deamination by APOBEC3F and icant prior to the cytosine deamination step. Such a two-step mechanism is likely to confer a host advantage APOBEC3G were 5Ј-TTCWNNT-3Ј and 5Ј-YCCH-3Ј, respectively ( Figure 5B ; W ϭ A or T; Y ϭ C or T; and H ϭ because the virus may be forced to reproduce in the presence of at least two APOBEC proteins, each of A, C, or T). These extended local preferences were fully consistent with roles for both APOBEC3F and APOwhich may have differential propensities for incorporating into the virion, resisting Vif, and/or deaminating ret-BEC3G in HIV-1 restriction.
A second prediction of the hypothesis that APOBEC3F roviral nucleic acid. is active on HIV-1 cDNA is that it should be expressed not only to mRNA isolated from peripheral blood leukocytes but also to a variety of other tissues ( Figure 5C ).
